This study presents an application of the conditional moment closure (CMC) combustion model to marine diesel sprays. In particular, the influence of fuel evaporation terms has been investigated for the CMC modeling framework. This is motivated by the fact that substantial overlap between the dense fuel spray and flame area is encountered for sprays in typical large two-stroke marine diesel engines which employ fuel injectors with orifice diameters of the order of one millimeter.
Simulation results are first validated by means of experimental data from the Wärtsilä optically accessible marine spray combustion chamber in terms of non-reactive macroscopic spray development. Subsequently, reactive calculations are carried out and validated in terms of ignition delay time, ignition location, flame lift-off length and temporal evolution of the flame region. Finally, the influence of droplet terms on spray combustion is analyzed in detail. The effect of evaporation into the mixture fraction variance transport equation was seen to play a prominent role concerning autoignition and flame stabilization: both ignition delay and flame lift-off length are considerably increased when evaporation effects are included. This was found to be attributed to the strong spatial overlap between evaporation and combustion -typical for marine sprays -leading to an increase in the local scalar dissipation rate in the evaporating region.
Overall, inclusion of evaporation terms resulted in improved agreement with experimental data. These findings are contrary to previous investigations for typical automotive diesel sprays reporting only a minor influence of evaporation. Consequently, this study constitutes an extension of former analyses to large marine fuel injection configurations and emphasizes the importance of such effects for the simulation of marine diesel sprays.
INTRODUCTION
Efficiency, reliability and fuel variability are among the main advantages of large two-stroke marine diesel engines, which correspondingly dominate the seaborne freight transport propulsion market. With first emissions legislations introduced in 2000 by IMO, and in view of far stricter Tier III legislations expected to enter into force in 2016, nitric oxides emissions gained considerable attention in research in the marine engines sector. Reliable numeric simulation tools are considered to have large potential in otherwise very costly combustion optimization in engines of such power output viz. fuel consumption and cost.
Due to the very low engine speed of two-stroke engines (of the order of 100 RPM) and the corresponding stroke (of the order of meters), the combustion chamber layout differs considerable from typical heavy-duty four-stroke engines. As scavenging is of the uniflow type -with air entering through port at the lower end of the cylinder liner and exiting through one central exhaust valve in the cylinder cover -fuel admission takes place from two to three injectors located at the cylinder periphery. Each of these injectors employs several orifices of the one millimeter range with different inclination angles both with respect to the cylinder axis as well as the strong co-swirling air. As a consequence of the nozzle bore, the dense core penetrations are considerable and show strong overlap with the combusting flame region, as opposed to typical heavy-duty configurations where a clear separation between the liquid length and the flame lift-off region has been reported in many studies. In addition, the mere physical dimensions as well as the low engine speed entailing long process times (e.g. injection durations of tens of milliseconds) pose considerable additional problems in the already challenging description of injection and combustion process in diesel engines.
Various studies are reported in the literature both numerically as well as experimentally for large two-stroke diesel engines. These include experiments conducted in optically accessible full engines [1] [2] [3] as well as systematic studies performed in a large two-stroke marine engine 'reference experiment' [4] [5] [6] [7] [8] . For the latter, modeling is documented in [9] at non-reacting conditions and with combustion in [10] for a sweep in temperature and in [11] for a sweep in nozzle orifice diameter; while data from the same rig will also serve for validation purposes in the present study. For combustion, both [10, 11] used the CMC approach, reporting very good agreement for ignition delay times as well as locations, where against the flame lift off lengths were considerably under predicted. Amongst the possible reasons for the model shortcomings concerning the latter, deficiencies in the treatment of droplet-
